AD-A180 266

A O N R T N T I R T W I O T T R R TR TR PR UR Y

R N R s Y T S U R e

AD
ILE COPY
CONTRACT REPORT BRL-CR-568
STOCHASTIC GUN DYNAMICS

S&D DYNAMICS, INC.
755 NEW YORK AVE. )
HUNTINGTON, NY 11743 e

APRIL 10, 1987

APPROVED FOR PUBLIC RELEASE, DISTRIBUTION UNLIMITED.

US ARMY BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

& 5

27

Fomd

Y0

A T T T T B L L EEE et A T AT SRR T S T CERAN WM e R AN AT
AT N i T T rrL DS BT “'iﬁmm
RIS AN AN (T, ;.ﬁ,fi-.",&’l:;f:&%s‘iﬂ-. POAM I ] RS A R A NG LN A\



PRI R JO R TN OE RO AR X RO I 67 NS AR b g = g A g SR g W PEAMNOEE W g " s I &'Jlﬁﬂ-ﬁ

%
1

9 Destroy this report when it is po longer needed. )

. Do not return it to the originate-—,

§

F@t 3
I

:

R Additional copies of this report mav bn.obtaired .
i from the Nationsal Technical Informatior Service,

gi U. S. Department of Coemmercz, Springfield, Virgin.a

'% 22161. .
b

I

X

R
.
]

3z

by

o S

&
P
1
2
B §
A 3
. g
\ 3
A 5
# :
) a;
. 3
Ens ;
. *‘
= !
:
o5 s 3
E i
’1‘: 2
& 4
J
d 1
B
o :
3 . . . . . . .
§~ The findings in this repcrt are not to be construed as an c.ficial ;
gﬁ Department of the Army position, unless so designatad by wthex ;
2 authorized documents. ;
. z
B
3 The use of trade names or manufactu:ers’ names in thris report :
s . . - :
& does not constitute indorsement of any coumercial product. :

A

A T S e, Y L T P N A G A A N T I A A S Tt e
L R ; £5 SN ;
@,}f}&;}“-Eﬁﬁﬁ“k*fﬁﬁﬁf\;Qﬁggﬁghgﬁg&ﬁ&g&ﬁb e e e

ezt

Bt ot b A




St S R A N S R R P R N G A A A R R A N o R R T I R N T U W R AR AT R PO I T (A& 08w IV RS K IVo i Tl

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE
Form Approved

REPORT DOCUMENTATION PAGE OMB No 0704-0188

Exp Date Jun 30, 1986

S

¥

-

L R
» Y B

2 2‘3 1a REPORT SE.CUF.HTY CLASSIFiCATION tb RESTRICTIVE MARKINGS
2 Unclassified
23 SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION / AVAILABILITY OF REPORT

2b DECLASSIFICATION/ DOWNGRADING SCHEDULE

4 PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER(S)
. DAAK11-83-C-0054
6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION
(If applicable)
KISA Ballistic Research Laboratory SLCBR-IB-W S&D Dynamics, Inc.
6¢. ADDRESS (City, State, and ZIP Code) 7b  ADDRESS (City, State, and ZIP Code)
755 New York Ave.
berdeen Proving Ground, MD  21005-5066 Huntington, Y 11743
8a. NAME OF FUNDING /SPONSORING 8b OFFICE SYMBQL 9 PROCUREMENT INSTRUMENT IDZNTIFICATION NUMBER
ORGANIZATION (If applicable)
8¢c. ADDRESS (City, State, and 2IP Code) 10 SOURCE OF FUNDING NUMBERS
PRCGRAM FROJECT TASK WORK UNIT
ELEMENT NO NO NO ACCESSION NO
612618 AH80

11 TITLE (Include Secunty Classification)

Stochastic Gun Dynamics

12 PERSONAL AUTHOR(S;
Martin T. Soifer and Robert S. Becker

13a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) }15 PAGE COUNT
LFINAL FROM (ict 86 TO Feb 87

76 SUPPLEMENTARY NOTATION The_ view ninions, a d/or findin s ontaineéd 'in this report are_ those
hf the author(s) and should not ge construe as an offi 1a Department of the ery position,
bolicy, or decision, unless so designated by other documentation.

17 COSATI CODES - G18 S %;EHERMS (Continue on reverse if nﬁcessary and /79httfy by block number)

: i C35J nte-Carlo Routin
FIELD GROUP SUB-GROUP
19" €5 SYNAZgBE Muzzle Moticn 7 Shototo-Shot 3ar1a§1f1ty
19 06 >{Stochastic Gun Dynamics ?'%222P?%L‘§ﬁﬁc Muzzle Behavior,

-

1Q]ABSTRACT (Continue on r°verse if necessary and i ‘entify by block number) 4-&--.
Employirg a Monte- ‘Carlo routine and random number generator, a stochastic versxon of
DYNACODE-G has been developed and impiemented fur the purpose of assessing probalistic gun
tube muzzle motion behavior due to shotstozshot variations in pertinent forcing functions
which arise during firing. In add1t1on, DYNACODE-G has been modified to accomodate input

) accelerations at the trunnion level to simulate vehicle motion over prescribed terrain, an
externally supplied numerical integratior scheme, K oo /-
(Cop §
20 DI3TRIBUTION /AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
@ uncLassieounumiTeD £ same as R [ omic users | UNCLASSIFIED
22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (include Area Code; | 22¢ OFFICE SYMBOL
James 0. Pilcher II (301) 278-6127 -]B-W
DD FORM 1473, 84 MAR 83 APR edition may be used untit exhausted SECURITY CLASSIFICATION OF THIS PAGE
1l oth t obsolete
Allother editions re UNCLASSIFIED
L

) -""r“\’ ~ » N -""“" .‘-5\."' e ™ ”\
uk’w‘\}gé,%\aw\» ¢ -'~. ST B N .;n" -_ ’ P m"v x‘ m &*&’M ‘> By :g:&'C -*}'.N”"f x.q:&‘kn 4
m:-n&nlln& ‘.ﬁ- mﬁu&



W\-\W"m

A,
ke

o TABLE OF CONTENTS
Subject Page

LIST OF FIGURES ........ Ceeeseenn S eeeeteretetetosesrtoanstresasannns

LIST OF TABLES it iineiieresesssesonsossoasssssasaosssosssansannns

1. INTRODUCTION t.ivcuiioeeeonnesosssssessasosnsssssassssssassaasessssss

- 2. MONTE-CARLO ROUTINE cuvveunuesnnasesovesssssssossssssssasnssansssnss
2.1 Statistical Analysis of Pertinent Forcing Function Data .......

oo

~3

)
i

2.2 Application of Monte-Carlo RoOutine ..c.eieeecerecescsoscorascnss 1
3. VEHICLE MOTION 4uiutnnereneneosncesnonssnossnsessasovsnsesssssansass 1
VARIABLE TIME-STEP INTEGRATION ..vvvvvecoscrseceosscanssosansoncnses 35
EXTERNAL FIRING SIGNAL .. ceurureieeeseansetosessssrceansnenasseoanes 37
CONCLUSIONS thieiititeineeseneeosssssscsssssessssconnsnnscassncnnanss 125
ACKNOWLEDGEMENTS ..... C et s ieactcesssreresnass st essasesecosaat oo 126

I
£
o W o
hir

A, ‘*’,_
wn

"

SNF . XERIT AP

T

Py

REEE:

o3,

%

K Acceston For

24

: NTIS CRA&] .

¥ o Unannounced 0 ;

7 Justfication :

X - S T ittt VIR kS

§‘ 3

f!t

g By .

A Dist roution |

: Avatiabity Codes ;

5;,3; - "\;r : }\Vu : d:. u } O:

;’3 Ui ; i “

793 A ( ‘ §
'.:,
3

"y" o, '(‘y? (‘l:-h.qy ------ - e A AT
%& “'N«m«;z R {3’1{%&.?»%% A T T e N TR T AR T e e RSN AN o "'r’ig

P v W Wi NSRRI B9 A2\ Ansx(‘ufz_azm.m..)a;&,v. PSR 3 x‘.‘ e e T et e



TG ot MR L B I e o Y P R Sy YroTET v
5 & 28, A - LEFiLERCE P8 W SOk &t aat w X Lt Q.;“QI‘.:;L:Q“ m@dﬂ!mﬁ R R R R R N T T Ty Y8 ¢ P A as dsias |
;

spe

R LIST OF FIGURES

.;”

fr; Figure Page
il -

f%g | Overview of Technique .....eeeven.. ettt eeerieee e, 9
%;ﬁ 2 Statistical Distribution of Propellant Cenerated Gas Pressure .... 10
éﬂf 3 Statistical Distributions of Recoil Accumulator Pressure and -

Rta ReCoil MOtION eiviieneeenenerenssnessecsrrnssssasssssscsasnnanes 11 b
g.g 4 Application of Monte-Carlo Routine ....cviveieescvncecsreccnnncans 12
fazg 5a Id:nt 1. Pitch Acceleration ..iiveneieetneeennoetesccnsoncsosansns 17
s "5b ID1. PSD PitCh ACCELEPALION evuvusenesuseneenrsocnesesensncenees 18

5+ Simulated Pitch ACCElerablion ....iieeeeseeeesesttsesasosoccacsonscs 19

‘§£; 6a Ident 1. Angular Roll Acceleration .......cievevveeeniensncnnsesonss 20
fiﬁg 6b  ID1. PSD Angular ROll Acceleration .....iceevicnnicneinncneneneass. 21
‘iéﬁ 6¢c  Simulated Roll Acceleration ....uieeeeveevesssenssnonensssosenanes 22
B Ta Ident i. Vertical Acceleration ......iieveeceereeiinianeeeceannaass 23
é;%ﬁ 7b  JD1. PSD Vertical Acceleration ......cvivevennens cees s encneaanas 24
28 7¢  Simulated Vertical Acceleration ..... Seerreeenanrens cererinenenees 25
gﬁ% 8 Jertical Muzzle Displacement on Munson COUPSE v vevenernvrncsnones 27
igi 9 Muzzle Pitch on Munson Course ....veiessiecesnvsororssoscoessonnns 28
§;t 10 Vertical Muzzle Velocity on Munson Course ....... ceambenaen cieeas . 29
:f;;} 1 Muzzle Pitch Rate on Munson Course ......... Ceeeieaes B )
E&; 12 Lateral Muzzle Displacement on Munson COUrSe ..uvevevesanencensnss 31
gﬁg 13 Muzzle Yaw on Munson Course ........ et tretvacnensaennnn Ceeereanen 32
'i$% 14 Lateral Muzzle Velocity on Munson COUrsSe ..eeeevcveeenns crereeaens 33

e
o

Muzzle Yaw Ra%e ON MUNSON COUPSE ivereeneeesacoonsonnsansessannns 34

T n
.:*ﬂgéﬁfﬁi
PO . S §
~] O U

Schematic of Program Events for Conirolled Burst-Mode Fire ....... 38

Vertical Muzzle Displacement for Three-Round Burst Without
Firing Control Signal ..iicicereeisecserosotssscavassosanonssnenns 40

9

18 Vertical Muzzie Velocity for Three-Round Burst Without

Firing Control Signal ....cieeeeverenesenens secscsesescassaannaasas 44
19 Muzzle Pitch Rate for Three-Round Burst Without Firing

Control SigNal tiuveernsesesceossrasesnsssssssonssassassssssssnssasss 48
20 Vertical Muzzle Displacement for Three-Round Burst With

Vertical~Plane "Window" .....ccvevenenns cersieasesesesasassananses 52
21 Vertical Muzzle Velocity for Three-Round Burst With

Vertical-Plane "Window! ciiuiieeiereeeeesosoconssososnsssassoononns 56

z22 Muzzle Pitch Rate f'or Three-Round Burst With Vertical-
Plane "Window" ...eeeereverecccoarsnsananns Ctesesescesertersasesenne 60

23 Vertical Muzzle Displacement for Three-Round Burst With
Combined Vertical and Horizontal-Plane "Windows" .c.viee cocveanns 64

3 7."' Nl ks o ;:\_-ﬂ—W-;'h‘\.;'-"\“-—‘-_'\-”‘q’\-\ R O T T N TR TP P S o T ow K a K o T ST X N o hNE -y
ﬁﬁ} Nt *’\’J,‘Z’ﬁg_&)}’m‘ o P e s P s N e i AN e e ;
B A e e S L M e e R

—a S PSS -



i pai ¥ Lot e ox an¥in g b Ty gty A ¢ o 2 R ¢y e v 6 a5 -
g‘ >(x atin gl et R L T T T T e S O O e e T T o e O T o S T e RES Nk U IR DA ST ke e 4

1'?&
l“’ ;
N
i
!,:,' LIST OF FIGURES (Cont'd.)
i Figure vage
24 Vertical Muzzle Velocity for Three-Round Burst With
f'é Combined Vertical and Horizontal-Plane "Windows" ....civevevennees 70
4

3 25 Muzzle Pitch Rate for Three-Round Burst With Combined
W Vertical and Horizontal-Plane "Windows" ....c.ceeeeeeesscssncacess 16
;‘ﬁ 26 Lateral Muzzle Displacement for Three~Round Burst Wlithout
;g:“ Firing Control SigNal ..eiiecruesorsessecnarsrosstosssoscasecacans 82
BN - 27 Lateral Muzzle Velocity for Three-Round Burst Without
ke Firing Control Signal ....ieeeceesereeccessssessvoennseanascensess 8O
B 28 Muzzle Yaw Rate for Three~Round Burst Without Firing
évé CONtrol SiZNAL sveesevecesacesososessnissnsescssssscsssssassnsaess 0
;‘:" 29 Lateral Muzzle Displacement for Three-Round Burst With
:?‘:‘ Vertical-Plane "Window" ...uiveeerevcsenserssscsocscssssssssnsnsans Jh
4k

30 Lateral Muzzle Velocity for Three-Round Burst With Vertical-

s

’ P1ANE "WINAOW" «uvrevveneersoesensecsasenssssnacasessosesenensnees 98
‘; 31 Muzzle Yaw Rate for Three-Round Burst With Vertical-

d Plane "Window" ...veieiiiriettrociotcsrsaenrsansssarrssssssenensss 102
98

b 32 Lateral Muzzle Displaczment for Three-Round Burst With

8 : Combined Vertical and Horizontal-Plane "Windows" ........ecoveev.. 106
R 33 Lateral Muzzle Velocity for Theee-Round Burst With

&‘:‘ Corbined Vertical and Horizontal-Plane "Windows" ....cceveveseeees 112
st

%‘igg: 34 Muzzle Yaw Rate for Three-Round Burst With Combined

g‘ Vertical anc Horizonta:-Plane "Windows" ...evicererecsosececocaass 138
[

Rt (R

%
&

- N Y ) N R R N TN S S Y W
S L . LI R R |
h : (;}3\ ;:K. ‘,4:“ 3 )""“ ‘:_; - e}ﬂ&" ’(\' "¢ _-r o .:.




LIST OF TABLES

Statistical Analysis of Pertinent Shot-~Exit Parameters for
Population of 3ix{y "Mathematical" Firings «ieieeensescasnsseessa

Correlation Between Transverse Linear Velocity and Pitch Rate
at Shot"EXit LR BN BRI L Y N R R K R BN NG N S YRR I B A Y B B LAY B LI R A B R R R A I

Comparison of Controlled versus Uncontrolled Three-Round
Burst-Mode Fire on Moving VehicCle (..iviviverecioersnesaccnsanesnsa

-

R A T L B
AN A
A e e »

15

124

LT LA T
A e



CERT TSRS WL W WA AR AT SRS AR T IS ST ST LR LA U LR AT T N MR A R AT U I AW W W VIS L LG T T

laaadet aEL L0 5B RYESLSS AV A |

1. INTRODUCTION

This final report documents work performed by S&D Dynamics, Inc. under
Contract No. DAAK11-83-C-0054 to the U.S. Army Ballistic Research lLaboratory, ;
Aberdeen Prcving Ground, MD. i

The primary objective of this effort is the extension of the deterministic
gun dynamics simulation code, DYNACODE-G, to accommodate shot-‘o-shot variations
in pertinent forcing functions which arise during firing, in order to assess gun
system performance on a probabilistic basis. Additional objectives include
introduction of gun mount excitation to simulate vehicle motion and introduction
- of an externally supplied riring signal to prescribe burst-mode fire.

For the purposes of this study the 75mm ADMAG served as baseline gun system, ‘
75mm LAV firings conducted 2t 4berdeen Proving Ground, November 1984, served as ]
forcing function data base, anu M1 vehicle-hull accelerations for the Munson
straight, full and washcooard courses served as vehicle motion data base.

In order to achieve the cited objectives, DYNACODE-G was first modified to
accommodate inlependent right and left recoil accumulator loads. Forcing function
data consisting of propellant generated gas pressure, right and 1uvft recoil
accunuiator pressures and recoil motion obtained from scventeen LAV Tirings were
statistically analyzed by Mrs. Melinda B. Krummerich, Mechanics and Structures
Branch, interior Ballistics Division; U.S. Army Ballistic Research Laboratory,
to serve as data base. DYNACODE-G was then mcdified to include a Moate-Carlo
routine {(with BRL supplied random number generator) to operate on the data base
to produce a statistically meaningful sample of "mathematical® firings. M1 vehicle-
hull accelerations were statistically analyzed by Miss Susan A. Coates, Mechanics
and Structures Branch, IBD, BRL, and DYNACODE-G was modified to accommodate mount
excitation {i.e.,, simulated vehicle motion). In order to efficiently handle gun
system response to mount excitation, firing excitation and the response time
between successive firings, DYNACCDE-G was modified by replacing the fixed time-
step Runge-Kutta integration scheme with an automated (self-determiningi variable
time-step routine. Finally, DYNACODE-G was modified to accommodate an externally
surplied firing signal to prescribe the timing between successive rounds in burst- ;
mode fire, based on gun tube muzzle motion parameters falling within a prescribed ?
"window" of acceptable values.
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2.

MONTE-CARLO RQUTINE

DYNACODE-G was modified to include a Monte~Carlo routine for the purpose
of generating a statistiacally meaningful sample of “"mathematical" firings based
on a limited sample of actual firings. An overview of the technique is depicted
in Fig. 1.

Referring co Fig. 1, test results for pertinent forcing function data
obtained from "M" firings are statistically anzlyzed. A random number generator
is introduced to produce pertinent forcing function data for "N" (>> "M")
mathematical" firings. Each set of forcing function data obtained for each
"mathematical" firing is input into DYNACODE-G for the purpose of generating
muzzle motion data. The resulting muzzle motion data are then statistically
analyzed to produce a probabilistic assessment of muzzle motion for the class
of amnunition considered.

2.1 Stapistical Analysis of Pertinent Forcing Function Data

Fercing function data consisting of propellant generated gas pressure,
right anc left recoll accumulator pressures and recoil velocity for each of
seventeen 75mm LAV firings conducted at Aberdeen Proving Ground, November 1984,
were statistically analyzed by Mrs. Melinda B. Krummerich, Mechanics and
Structures Branch, Interior Ballistics Division, U.S. Army Ballistic Research
Laboratory.

Individual shot data for propellant generated gas pressure was first
normalized with respect to time-to-peak-pressures, t¥, as depicted schematically
in Fig. 2. Assuming a normal distribution for t¥, the statistical distribution
for propellant generated gas pressure as a function of time, namely pr(t/t*), was j

obtained for the sample of seventeen firings, as schematically depicted in Fig. 2.

Examination of individual shot data revealed two distinct patterns for
right recoil accumulator pressure data, a single pattern for left recoil accumulator
pressure data and a single pattern for recoil velocity data, as schematically
depicted in Fig. 3. Right recoil accumulator pressure data for eight of the
firings, Pattern "A", were identical with corresponding left accumulator
data; whereas, right recoil accumulator data for the remaining uine firings,
Pattern "B", were consistently higher than corresponding left recoil pressure data.
Statistical distributions for right recoil accumulator pressure Patterns "&" and
"B", left recoil accumulator pressure and recoil velocity were obtained as
schematically depicted in Fig. 3.

Having defined the statistical distributions associated with the pertinent
forcing functions for the limited sample of firings, the Monte-Carlo routine was ,
introduced to define the variables associated with each of "N" mathematical -
firings, as depicted in Fig. 4. Referring to Fig. 4, a two-state random number
generator selects either Pattern "AY or "B" for the right recoil accumulator,
while a normally distributed random number generator defines a compatible set of
forcing function data for each of the "N" mathematical firings for input (on a
deterministic basis) into DYNACODE-G.
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2.2 Application of Monte-Carlo Routine

In general, a sample population size of thirty data sets is sufficient
to achieve a meaningful statistical analysis. However, since a two-state random
number generator is needed to define the rignt recoil accumulator pressure
pattern, twice this number, or sixty data sets, are appropriate. The Monte-Carlo
routine and modified version of DYNACODE-G were employed as depicted in Fig. 4 to
produce sixty, single-shot, "mathematical" firings, based on the seventeen 75mm
LAV firings, using the BRL Cyber 7600 system. The results of these runs have
been statistically analyzed. It is noted that the fixed time-step, fourth-order,
Runge-Kutta integration scheme has been retained in this version of DYNACODE-G.

Population means and standard deviations were computed for shot-exit time,
muzzle velocity, (total) transverse muzzle displacement at shot-exit, (total)
transverse linear velocity at shot-exit, and (total) pitch rate at shot-exit, as
presented in Table I. As may be seen from Table I, the greatest sensitivity in
terms of shot-to-shot variations occur in transverse linear velocity and pitch
cate, Since these parameters dominate the "jump" equations it may be concluded
that shot-to-shot variations can account for a 10% to 20% increase in dispersion
at the target.

In addition, the total population of sixty "mathematical" firings was
segregated into two separate populations characterized by the distinction between
right recoil accumulator pressure Patterns "A" and "B". Twenty-six data sets
contained Pattern "A"; thirty-four data sets contained Pattern "B". Student t-
tests on the resulting means and standard deviations obtained for all parameters
examined within each population showed no statistically significant difference
between the two populations. Hence, it may be concluded that the noted anomalous
recoil accumulator pressure patterns have insignificant effect on the total
dispersion budget.

Finally, a Chi-Square analysis was performed to determine the correlation
between transverse linear velocity and pitch rate at shot-exit. Examination of
the individual "mathematical" firings relative to the overall population means

yielded the 2 x 2 matrix in Table II. The calculated value of x2 for this table,
namely 35.4, is highly significant and indicates a high degree of coupling
between linear and angular muzzle velocities at shot-exit. Hence, it may be
expected that these parameters will have an additive effect in terms of the

total error budget for target dispersion.
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3. VEHICLE MOTIOHN

Algorithms were developed to recover pitch, roll and vertical acceleralions
at the gun trunnions in terms of b1l mounted accelerometer data obtained for Ml
vehirle test runs on the Murson straight, full and washboard courses. Miss Susan 3
A. Coates, Mechanica and Structures Branch, Interior Ballistics Division, U.S.
Army Ballistic Research Laboratory, implemented the algorithms and, in addition,
cerformed a power srectral density analysis of the acceleration traces.

Sample traces of pitch, roll awd vertical accelerations as reccvered by
the algorithms for the Munson full course (BRL Ident 1) are presented in Figs. 5a,
ba and Ta, respectively. Results of the correspording power spectral density
analyses are presented in Figs. 5b, 6b and Tt.

4 functional representation (based on frequency content) was developed
to simulate a typical cycle of acceleration data. Simulated traces of pitch,
roll and vertical accelerations (based on the functional representation developed
and power spectral density analyses performed) are presented in Figs. Sc, 6c and
Tc, respectively.

In addition, expressions for inertia loads due to mount excitation were
developed and incorporated within DYNACODE-G. Within the framework of small
displacement theory, and in accordance with the notation of DYNACODE-G, these
loads, applied to each mass point of the gun system, take the form

e St hoacd K D ¥,

where wg’ ég and ;g respectively denote pitch, roll and vertical input accelera-
tions at the trunrions, and res b and r_  denote components of the position

i i i
vector of the ith mass point relative to the trunnions.
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DYNACODE-G, with fixed time-step integration and without firing excitation,
was exercised first for the purpose of demonstrating its ability to handle gun
system response to a typical cycle of mount excitation (simulated vehicle motion)
for each vehicle course considered. Sample output obtained for the Munson full
course for vertical muzzle displacement, pitch, muzzle velocity and pitch rate

are presented in Figs. 8 thru 11, respectively. Output for lateral muzzle
displacemen’, yaw, muzzle velocity and yaw rate are presented in Figs. 12 thru

15, respectively.

Using the above version of DYNACODE-G, numerous runs were performed next
to serve as baseline for establishing solution convergence of pertinent parameters
as a function of integration step-~size; a necessary investigation in the develop-
ment of a variable time-step integration scheme, as will be discussed in the sequel.

Although not a pertinent part of the present study, it is noted that a
ety Monte-Cari: routine, with equally weighted random number generator, could readily
: ! be introduced in this version of DYNACODE-G should the user desire to study the
A stochastic nature of gun system motion (due to vehicle motiond just prior to

firing.
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4, VAKTABLE TIME-STEP INTEGRATION

The fixed time-step, fourth order, Runge-Kutta integration scheme employed
in DYNACUVE-G iz computationally efficient when treating gun system response to a
single or simultaneously applied set of excitations. In general, the size of the
time-step is keyed to the frequency content of the excitation -- the higher the
frequency conter t, the smaller the required time-step for a convergent solution.
However, when treating gun system response to a series of seoquential excitations
with intermittent time delays, the {ixed time-step scheme is computationally
inefficient, particularly in the time-delay regions wheare a far more ccarse time-
step would prove adequate. To handle such situations, whose szenario might consist,
for example, of tracking gun tube muzzle mction during firing-on-the-move, followed
by a prescribed delay before the next firing, computational efficiency dictates
development of a variable time-step integration scheme.

Using the solution provided by DYNACODE~G with fixed time-step integration
fo., gun system response to vehicle motion 3s baseline, it was found that velocity
pdarameters are mnst sensitive to step-size variations, aud, in particular, it was
found that convergence of muzzle pitch-rate guarantees convergence of all other
parameters at all other mass points; thereby providing an absolute error bound
on the solution. Having identified a suitable parameter to establish convergence,
namely muzzle pitch-rate, it remains to guantify an error estimate in choosing the
step-size at a given time.

The error produced in the numerical solution of a first order, ordinary,
differential equation using a fourth order Runge-Kutta integration scheme depends
on the integration step size. Letting y2 denote the sclution obtained at time

t* using an integration step size of 2 At, and letting y1 genote the corresponding

solution at t* obtained from two successive integrations of At each, the respective
2zlution errors are

.o 1E .1
€ %35 ”’2‘3'1' and €, = 37 €,.

€, and £, serve as upper and lower error bounds which may be used in an automated

2 1
process to determine when to increase or decrease the step size, At.

Since the computation of €, requires calculation of both y1 anc y2, an

2
improved numerical solution is cbtatined as a by-product of this computation through
the use of the Richardsor estimator at t¥, namely,

1
* - .. 5t -
y* = 78 (13 7 y2).

It is noted that the error in the Richa:. »on estimator is a full order of magnitude
smaller than th¢ correspoading error in ¥y,
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Based on the above considerations, the fixed time-step integration scheme
within DYNACODE-G has been replaced with an automated variable time -step routine
which employs the following logic at each integration step:

1. Starting at time t, two successive integratiors of step size
At each are performed on the generalized coordinates and
velocities to determine their values at time t + 2 At.

2. Starting again at time t, but with a step size of 2 At, -
the generalized coordinates and velocities are again determined
at t + 2 At,

3. The Richardson estimators for generalized coordinates and
velocities are formed at t + 2 At using the values computed
in 1 and 2. These estimators serve as solution at t + 2 At,
as well as initial conditions for the next integration.

4, At is determined for the next integration by forming upper and
lower error bounds on muzzle pitch-rate and ccmparing these
values against an acceptable input error, €, as follows:

Ir 81 > €, At is replaced by At/2
Ir 52 < g, At is replaced by 2 At

If e1 < € <€, At remains unchanged.

2!
Although the variable time-step scheme described above requires one and

a half times as many calculations at each step as does the fixed time-step scheme,

comparison runs show that convergence to machine accuracy is achieved with an

average integration step which is sixteen times larger than the fixed time-step.

Relaxation of the acceptable error, €, would of course allow further improvement

in run time.
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5. EXTERNAL FIRING SIGNAL

In order to optimize the effectiveness of burst-mode fire, the timing
between rounds of a burst is keyed to pertinent muzzle motion parameters
falling within an acceptable "window" of values. Specifically, DYNACODE-G
with mount excitation to accommodate firing-on-the-move {(as described in
Section 3) and variable time-step integration {(as described in Section 4)
was modified to track muzzle displacement and linear and angular velocities
subsequent to shot-exit of each round of & burst. At each instant these
quantities are compared with acceptable predetermined "window" values. An
external firing signal is then coupled, at the user's option, with either of
two control modes -- a vertical-plane "window" of values (without regard to
horizontal-plane motion) and combined vertical and horizontal~plane "windows"
which must be satisfied simultaneously. A schematic of program events with
external firing signal control is depicted in Fig. 16.

Referring to Fig. 16, the program begins by initiating vehicle motion at
t=0 and tracking muzzie response in Region 1. At a preset (but variable) time,
ts' in the vehicle motion cycle, a comparison of muzzle motion parameters versus

acceptable "window" values is initiated. This comparison continues, defining
Region 2, until muzzle motion satisfies "window" values. The program then
accepts a firing signal at tf and tracks subsequent muzzle motion during the

recoil/counter-recoil cycle in Region 3. The program continues to track muzzle
motion in Region 4, which accommodates the prescribed time required to physically
load the next round. The combined time elapsed in Regions 3 and 4 defines the
minimum time required to fire the next round, without regard to satisfying

firing "windows". Regions 2, 3 and 4 are then sequentially repeated, depending
on the number of rounds in the burst. The program stops when the final round

of the burst exits the muzzle.

It is noted that varying ts allows the user to study the effect of firing

at different times in the vehicle motion cycle. As previously noted in Section
3, a Monte-Carlo routine, with equally weighted random number generator, could
be introduced to specify ts on a probabilistic basis.

DYNACODE-G, with simulated vehicle motion for the Munson full course and
as herein modified, was exercised for the purpose of comparing three three-round
bursts fired from the 75mm ADMAG, with and without firing control signals. For
the purposes of this illustrative comparison, each three-round burst was
arbitrarily initiated with ts, and consequently tf, set equal to zero. Vertical-

plane "window" values were arvitrarily set at |y| § .005 in, Ivyl £ .05 fps and
Iwzl £ .05 rad/sec. Horizontal-plane "window" values were arbitrarily set at
|z| s .01 in, Ivzl $ .01 fps and Iwyl $ .01 rad/sec. In addition, load time

was arbitrarily set such that the minimum combined time to cycle and load is
1 sec. The user may of course vary ts’ "window" values and load time according
to specific needs.
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Time-histories of vertical muzzle displacement, velocity and pitch rate
are presented graphically in Figs. 17 thru 19 for a three-round burst without
firing control signal, in Figs. 20 thru 22 with a vertical-plane "window" and
in Figs. 23 thru 25 with combined vertical and horizontal-plane "windows".
Corresponding time-histories of lateral muzzle displacement, velocity and yaw
rate are presented graphically in Figs. 26 thru 28 for the three-round burst
without firing control signal, in Figs. 2Y thru 31 with a vertical-plane "window"
and in Figs. 32 thru 34 with combined vertical and horizontal-plane "windows".

In addition, a summary of pertinent muzzle motion parameters at shot-exit of
each round of each burst is presented for comparison purposes in Table IiI,

As may be seen from the figures and comparisons presented, it is not
readily obvious that requiring individual muzzle motinn parameters prior
to firing be bounded within acceptable "window" values guarantees optimal
muzzle motion at shot-exit, particularly when firing on a moving vehicle.
The concept of a firing "window" indeed seems plausible; however, it is not
yet known which parameters or combinations require bounding. In addition,
it is rather obvious that when firing-on-the-wove, consideration must also be
given to the nature of vehicle motion, the relative timing of the firing
signal and phase relations between muzzle motion and vehicle motion prior
to firing.
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Fig. 26 - Lateral Muzzle Displacement for Three-Round Burst Without Firing Control Signal
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] 6. CONCLUSIONS
5
. Employing a Monte-Carle routine and randem aumber generator, DYNACODE-G |
,?' has been modified such that based on a limited number of actual firings the
Q@ user may now generate a statistically merning{ul sample of "mathematical”
§~‘ firings in order to assess shot-to-shot «ri.ations in muzzle motion (or any
Kes other gun sysiem response parameter of .t rest), for a particular class.of
<15 ammunition. Although the 75mm ADMAG s- v<d as baseline gun system, with
‘ i LAV firings as data base, the techniq- developed are general and may be
? applied to any cther gun system and data base of interest.
'
"?% “ To simulate gun system response to venicle motion over prescribed terrain,
;g i DYNACODE-G has been modified tc accommodate acceleration inputs at the trunnion
s level. Using the 75mm ADMAG as baseline gun system, and Mt vehicle motion on
i the Munson straight, full and washboard courses as data base, typical cycles
23 of vehicle motion data were simulated analytically and input into DYNACODE-G.
?S Resulting output provides a means for assessing the effects of firing-on-the-
fgg move and the user may readily introduce a Monte-Carlo routine, with equally
B) weighted random number gererator, to predict probable gun tube muzzle motion
3; prior to firing a vehicle mounted gun. The analyses performed are restricted 2

to the vehicle motios data base provided; however, the techniques used in
simulating vehicle nmotion should prove gererally applicable to other vehicles
and terrain.

gy

In order to erficiently handle the coumputaticnal requirements ot tracking
gun system response auring burst-mode fire, an automated (self-delermining)
variable time.sten numerical integration scheme uas beern developed ard success-

S fully implemented. This scheme c¢cnuld of course be introduced into the other 3
gm versions of DYNACODE-G: however, the f{irved cime-stepr rcutine r:as proven te be 3
gﬁ of adequatz computztional efficieacy when bzndling single-shet {.re. :
3§ Finally, a version ~f OYNACCDE-G with variable timc-step integeation i
4! and vehicle mocion has been extended to incorporate sn exterpal firing signal

F{ and firing "windows" for countrolled hurst-mode fire. The program logic devetoped

&g tracks muzzie motion subsequent to a firing and accewts & firing signal for the

1y next rouand of a buarst after sufficient time has eiapsed (i) to load the next 3
%ﬁ round and (ii) for muzzle motion to subside te acceptauls "window" values. 3
jﬁi Using, for i1ilustrative purposes, a loau time of 1 s&c for tne 75mm ADMAG, 3
) muzzle motion has generally dissipated when firing on a fixed mount; however,

muzzle motion is reinflorced when firing on a moving vehicle. Using simulated
M1 vehicle motion on the ilunson full course, three three-round bursts, consisting
of uncontrolled fire, controlled fire with a vertical plane "window" only, and
controlled fire with both vertical and horizontal plane "windows" have been 1

a5

.

e

S
5#

§%§ rompared. The results of this ~omparison show that although it indeed seems 3
W4 plausible to introduce a firing "window" to optimize burst-mode fire, further 3
. study is needed to determine the parameters (and/or combinations therecf) which
;gj must be bounded, as well as acceptable "window" values. The latter will of
ﬁ‘. course require a trade-off with delay time betweer firings to acbhieve burst-mode
:r optimization. In addition, when firing-on-the-move, consideration must also be
é% given to the nature of vehicle motion, the relative timing of the firing signal
e and phase relations between muzzle and vehicle motions.
%)
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